Cells isolated from pig urinary bladders and pregnant full term human uteruses were attached longitudinally between a microforce transducer and a length displacement apparatus. Cells were stretched by applying a series of ramp-like length changes of 0.2 s duration and 10.0/~m amplitude at intervals of 15 min. Passive forces upon straining were as high as 70-100 #N. Following these peak forces stress relaxation occurred, levelling off approximately 50% of the maximum peak force. The maximum elastic modulus estimated for single cells was found to be at least a tenfold higher than was previously estimated from intact bladder strips. The relation between the increase in length and the increase in initial force increment was found to be approximately linear. An exponential equation was fitted to a selected number of stress relaxation curves. Relaxation curves of bladder cells show a clearly different time course as compared to bladder tissue strips, suggesting that a significant amount of relaxation in strips has to be contributed to the connective tissue components or to structural changes in these strips.
Introduction
The bladder in its filling phase and the growing uterus in the course of pregnancy show a remarkable increase in diameter and volume. For the bladder this increase in volume is solely attributed to passive stretching of connective and muscle tissue (Van Mastrigt et al., 1978) .
The uterus not only shows passive elongation of its tissue components, but also growth, e.g. multiplication and hypertrophy of its smooth muscle cells (Ham, 1974) . The time course of relaxation in bladder tissue has been shown to be clinically relevant (Coolsaet, 1977; Kondo & Susset, 1972; Van Mastrigt et al., 1981; Susset & Regnier, 1981) .
Incompetence of the cervix in the first and second trimester of pregnancy seems to be related to a different passive and/or active behaviour of uterine smooth muscle (Drogendijk et al., 1988; Van der Zonet aL, 1989) .
In both cases it is difficult to relate measurements performed on large preparations to mechanisms at the cellular level. In this study the passive properties of single smooth muscle cells are reported. The pig urinary bladder was used as a well accepted model for the human urinary bladder (Douglas, 1972) . The very small amounts of tissue necessary for single cell experiments with uterine muscle cells were obtained at Caesarean sections, without interference with either the procedure or with the mother's and child's interests.
Materials and methods
Single smooth muscle cells from pig urinary bladders were isolated by enzymatic digestion of strips of bladder tissue collected at the local slaughterhouse.
Single smooth muscle cells from a terme human uteruses were obtained likewise from biopsies excised at Caesarean sections. Both procedures were carried out as described previously (Glerum et al., 1987; Glerum & Van Mastrigt, 1990b ).
The cells were incubated in a cell incubator mounted on a Zeiss inverted microscope, equipped with phase contrast and incident light fluorescence optics. Conditions of incubation were kept at temperature 37 ~ C; pO 2 150 mm Hg and pCO 2 38 mm Hg approximately, thus resulting in pH 7.35 (Glerum et al., 1987) . Cells in suspension were checked for vitality by means of an FDA fluorescence vital staining technique and selected vital cells were knotted between two micropipettes attached to a length displacement apparatus and a micro force transducer (sensitivity 10 #N V 1) as depicted before (Glerum & Van Mastrigt, 1990a, b) .
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Subsequently cells were stretched to resting or initial length by applying one or more ramp-like length increments of I0/tm amplitude and 0.2 s duration until a rise in force directly followed by visco-elastic relaxation was recorded. The flee cell length between the knots was optically measured through the microscope at this moment and was defined and recorded as the initial length L v
After an initial resting period of 15 min, cells were stretched by applying further ramp stretches of 10/tin amplitude at intervals of 15 min until they broke.
The microforce transducer output signal, showing both the peak force and the stress-relaxation behaviour of the cell, was sampled at 10 Hz during 90 s by a PDPI1 type computer, starting 10 s before the start of each length increment. The obtained data were stored on hard disk for analysis. Figure 1 shows a schematic diagram of the measurement apparatus.
The stored stress relaxation curves were analysed as follows: every curve, one at a time, was displayed at the computer screen and cursors were placed at the force levels corresponding to force before stretching (F~), maximum peak force during the ramp (F2) and force after 80 s of relaxation (/:3). F 2 minus F I was called dF, and the percentage of force (rF%) remaining after 80 s relaxation was calculated as:
Plots of dF versus length were made for each cell, and the slope of the rising part of the curve (a = chord stiffness) was estimated:
where L~ = cell length at the onset of the approximately linear rise of dF with L L 2 = cell length at the end of the approximately linear rise of dF with L dF~ = dF value corresponding with L~ dF 2 = dF value corresponding with L 2.
The definition of the elastic modulus E:
LIGHT SOURCE
CELL ATTACHMENT AND LENGTH CONTROL MANIPULATOR
Video output To the right side of the cell incubator an ultrasensitive force transducer is mounted on a specially designed elevation control mechanism. Left of the cell incubator a three-dimensional micromanipulator, serving as a length control apparatus, is attached to the object table. Micropipettes attached to the transducer and the micromanipulator are bent in a Z-like form to overcome the differences in height and distance from the transducer and the micromanipulator to the actual spot where the cell is situated in the incubation bath.
where E = elastic modulus Aa = increase in stress Ae = increase in strain was rewritten in the form:
where AF = increase in force A = crossectional area L = length AL = change in length. Assuming a cell to be a cylinder with a constant cell volume v~:
where r i = the radius of the cell at resting length L i = resting length. This yields:
For comparison of elastic moduli determined in this way with moduli calculated from experiments on larger preparations the value of Equation (6) at maximum cell length (Em.
• was taken:
where Ema X = the maximum elastic modulus at maximum length LaF ~ = the cell's length obtained at the ultimate length increment where the cell still remained intact AL = amplitude of the ramp stretch.
The radius of the cell at initial length, r v was estimated optically.
The following parameters were tested for reproducibility: the cell lengtk prior to the (first) decrease in dF (Lpa), dF prior to decrease in dF (dFpa) and the absolute force prior to decrease in dF (F,pa) . Also the absolute force (Fb,~,k)and length (Lb~, k) at the moment of breaking were estimated.
To quantify the process of stress relaxation to a number of curves an exponential function of the form:
was fitted using a Marquardt iterative procedure (Kirkegaard, 1970) . Only curves that showed a continuous decrease in force without intermediate dips or peaks greater than 1.5 #N deviation during at least 70 s, were considered correctly fitted curves.
Differences in variables were tested for significance using the Mann-Whitney U-test at a significance level of 10%.
Results
In 19 experiments 12 pig urinary bladder smooth muscle cells and six human uterus smooth muscle cells were attached to the measuring apparatus and stepwise stretched until they broke. One pig urinary bladder cell accidentally broke at small length, due to wrong micromanipulations. short to allow further analysis (celt 12), two uterus cells showed one additional discontinuity in dF increment and three bladder cells showed two or more discontinuities in the increment of dF with length. Figure 4 shows dF versus length for one of the few cells that showed repeated dips in dF increment. F 3 (remaining steady force after 80 s of relaxation) versus length was also plotted for the same cells. As this pattern grossly paralled that of dF versus length (see Fig. 5 ) further data on F 3 are not presented here and analysis was concentrated on dF and other variables.
As Tables 1 and 2 show, the average initial length (L i) was 34 #m for bladder cells and 29 #m for uterus cells. This length is the free length between the knots on the Both types of cells showed a levelling off of relaxation at approximately the same average remaining strain level (rF%) of 51 and 55% respectively. The average maximum elastic modulus (Emax) values were also similar, at 11.0 and 12.2 x 106 N m-2 respectively.
The moment at which a discontinuity in increase of dF with length occurred did not seem to be uniquely related to either length, dF or absolute force, as is shown in columns 1, 2 and 3 of Tables 3 and 4 . These show, for the same cells as in Tables I and 2 , length (Lpd), dF (diCed) and L i = initial length; a = the slope of the increase of dF with length; rF% = the average remaining force after 80 s of relaxation; Ema x = the maximum elastic modulus. * Standard error of mean. Lpa = the cell length prior to the length at which the (first) discontinuity in increase of dF with increase in length occurred (figures in brackets indicate lengths at which such a discontinuity, if more than once, occurred); dFpa ~-dF prior to the (first) discontinuity; F~p a = absolute force prior to the (first) discontinuity; Lbrea k ~--length at which the cellbroke; Fbre, k = absolute force at which the cell broke. * Standard error of mean.
absolute force (Fa,a) as calculated from the stretch response prior to the first stretch at which such a discontinuity was observed. If any of the following stretches showed another discontinuity in dF increment, the lengths at which these occurred are printed in small print in column 1 of both Tables.  Graphical analysis of the data in Tables 1--6 showed that all parameter values could be considered as properly fitting in a continuum of values. Therefore, in all further analysis and statistics, cells of the same organ type were treated as one homogeneous group and differences in variables were only tested between bladder and uterus cells. Tables 1-4 seem to show differences between bladder and uterus cells, none of these differences proved to be significant according to the Mann-Whitney U-test at a significance level of 10%. If, however, cells 2 and 3, which showed many wavelike force increases superimposed on their relaxation curves, and cell 10, which was very thin at one of its ends, are excluded from the bladder cell results, the difference in ~ between bladder and uterus cells (0.64 and 0.28 respectively) becomes significant (p = 0.077). Figure 6 shows a typical example of a fitted stress relaxation curve describing the relaxation behaviour within the displayed time window. A significant number of the Lpd = the cell length prior to the length at which the (first) discontinuity in increase of dF with increase in length occurred (figures in brackets indicate lengths at which such a discontinuity, if more than once, occurred); dFpd = dF prior to the (first) discontinuity; Fap a = absolute force prior to the (first) discontinuity; Lbrea k = length at which the cell broke; Fbrea k = absolute force at which the cell broke. * Standard error of mean.
Although averages obtained for most variables in
relaxation curves, especially in bladder cells, showed increases of force superimposed on the relaxation patterns. In a small number of curves the initial force step was out of range, or accidental mechanical disturbances during the sampling of relaxation had occurred. As these curves could not be fitted with Equation 4 only a limited number of curves, 28 from bladder cells (i.e. 33%) and 34 from uterus cells (i.e. 64%), proved smooth and long enough to allow the exponential curve fitting. The resulting parameters are shown in Tables 5 and 6 . In Table 5 no results are shown for bladder cells 2, 3, 4 and 9, as these cells displayed too many or too large superimposed force increases (see discussion) in all relaxation curves. The uterus cells, as shown in Table 6 , showed hardly any of these force increases; a few curves showed short duration peaks smaller than 0.5 #N. It was observed that in almost all cells of either type the last and sometimes also the last but one relaxation curve before cell breakage differed from the preceding ones, sometimes in such a way that a two exponential fitting was considerably better than the routinely applied one exponential fitting. The parameters from the most deviant of these curves were excluded from the averages per cell.
On average, bladder cells did not differ significantly from uterus cells in terms of the exponent (-0.0094 versus -0.011), and although average coefficients and constants seemed to be larger for bladder cells than for uterus cells (5.71 and 14.0 versus 4.50 and 9.4 respectively), these differences were not significant according to the Mann-Whitney U-test.
Discussion
Anatomically, the urinary bladder does not seem structurally organized: throughout the whole bladder circumference muscle cell bundles are seen to be diverting in all possible directions and converging again from all directions (Gosling et al., 1983) . There is no clear distinction between circular and/or longitudinal muscle layers, and the connective tissue components such as collagen, elastin and reticulin seem distributed randomly. The bladder wall must therefore be considered as homogeneous. In contrast, the uterus shows a rather organized structure. Muscle cells are organized in parallel and three ill-defined layers can be discerned. The outer and innermost layers are longitudinally and obliquely orientated; the thickest, middle layer shows a circular orientation and contains the larger blood vessels of the uterus (Ham, 1974) . The passive properties of smooth muscle cells play a significant role in a number of clinical problems. For instance in the filling phase of cystometry, where distended urinary bladders show low elasticity and large filling volumes. Regarding the uterus, passive properties of the cervix are clinically measured in relation to incompetence of the cervix. Although the cervix consists mainly of connective tissue components, it is also directly related to the lower segment of the uterus which consists mainly of smooth muscle. The latter might therefore play a role in the stable closure of the uterus until the moment of birth (Drogendijk et al., 1988; Van der Zonet al., 1989) , For a clinical evaluation of the relevance of the above outlined mechanisms, measurements of the passive properties of smooth muscle biopsies of these tissues are necessary. In the present study the passive properties of supposedly normal smooth muscle cells are discussed. As in both in vivo and in vitro, and even in single cells, there is the possibility of active processes underlying so called passive phenomena, we limit our definition of passive properties to those properties that can reasonably be described or explained by well known passive physical processes such as visco-elasticity.
Microanatomically a smooth muscle cell is not homogeneous but contains obliquely orientated contractile filaments anchored with dense bodies to the cell membrane. In the contractile filaments dense bodies are also seen which are thought to be transversely interconnected by intermediated filaments forming a cyto-skeleton (Squire, 1981; Stephens, 1984) .
In a completely passive cell, therefore, the phenomena recorded in our experiments would reflect the properties of the cyto-skeleton in combination with those of the cell membrane. As, on the other hand, in these experiments no special measures were taken to exclude activation of the cell, passive and even active components of the contractile apparatus might contribute to the stress-relaxation recordings.
In the theoretical situation of a totally inactive contractile mechanism, repeated stepwise straining of the cell would result in successive uninterrupted steep rises in force upon stretching followed by a smooth exponential decay of force to a basic level. If, on the other hand, the cell actively maintains force by a continuous cycling of cross-bridges, it would show a sudden initial drop in force upon stretching it past the range of the cross-bridges (approximately 2-4% of muscle length [Van Mastrigt, 1988] ). Force recovery would then occur as a result of cross-bridge cycling with a time constant in the order of 2.2 s (Van Mastrigt, 1989) . The force relaxation curve in this case would not be convex towards the time axis, as is the case in passive stress relaxation.
An alternative that should be considered is that the cells maintain force through dephosphorylated cross-bridges, in a low energy or 'latch' state (Marston, 1989) . In such a case the stretch amplitudes applied in our experiments would also lead to detachment of these latchbridges and any further influence of latch-bridges in the following stretches and relaxations would require recycled latch-bridges. Recent evidence (Hal & Murphy, 1988a,b) suggests that there is only one way to reattach latch-bridges after pulling them apart: by the normal sequence of actine myosine interaction, including the steps of phosphorylation and dephosphorylation. Therefore, latch-bridge reattachment would also result in rather steep rises in force or, as stated before, in case of stretch followed by relaxation, the relaxation curve would not be convex towards the time axis. This still leaves the possibility that the very first measurements made on each cell showed a considerable overestimation of dF, due to pre-existing latch-bridges, as possibly induced by, for example, depolarization during the isolation and knotting procedures. Since, however none of the dF versus length curves (see Fig. 3 ) showed a significantly higher dF value at the very first stretch, latch-bridge activity in these measurements could be ruled out.
For the data presented, typical stress relaxation curves were obtained in most cases as depicted in Fig. 2 . In those cases where (small) wavelike increments of force were superimposed on the relaxation curves, the delay between the stretch and the onset of a superimposed force rise varied from at least 10--30 s, probably indicating a stretch induced cell depolarization, which gave rise to an additive active force component on the passive relaxation curve. In intact bladder muscle, and in bladder strips, the effects of stretch activated cell depolarization leading to force increases by cross-bridge cycling, were observed approximately 40--60 s after rapidly stretching the muscle (Levin et al., 1986; Van Mastrigt, 1977) . The resulting wave-like superimposed force increments on the relaxation curve did not affect the general form of the relaxation curve to a significant degree (Coolsaet, 1975b) . In this study only bladder cells 2 and 3 showed superimposed force waves of such a magnitude (approximately 2-3 #N peak to peak) that this behaviour was reflected in the results of Tables I and 4 .
In a limited number of pilot experiments, the contractile apparatus was inactivated by incubating the cells in a calcium-free solution containing EGTA after twice rinsing them in the same solution (unpublished data). In these calcium-free cells, wave-like force increments were not clearly observed but the stress-relaxation behaviour remained the same, resulting in comparable time constants.
We conclude that none, or very limited, contractile activity was present in the described measurements, so that Tables 1 to 6 correctly describe these in terms of passive mechanisms.
Apart from bladder cells 2 and 3, previously mentioned, the results in Tables 1 to 4 show a good reproducibility considering the range of forces measured. Bladder cell 10 yielded deviating data as it had only a very thin part of one of its ends knotted to a microtooL Uterine cells showed an even better reproducibility, which can be ascribed to the far less aggressive isolation method applied, using only collagenase, and the fact that almost none of these cells showed force increases superimposed on the relaxation curves within the observation time window. Tables 3 and 4 describe the sudden decreases in increment of dF and the stretch limits of the cells. In the data presented all curves showed, at the final stretch or at the last but one, that a certain limit was reached as the increment of dF declined or reversed. These last stretches before the cells broke showed a different relaxation pattern which could not always adequately be described by a one exponential function. This indicates that physical changes did occur in the cells at the ultimate level of strain.
The levelling off in dF versus length curves occured at a cell length of 3-4 times the initial length, i.e. at the limit, or even beyond that, of the range of the contractile apparatus (Van Mastrigt, 1988, figure 6) , so that actinemyosine overlap was minimal. This view is supported by the disappearance of superimposed contractions at these cell lengths, so that in our opinion the passive behaviour in the end range of stretching must be attributed to structural changes in the cytoskeleton.
In accordance with the length dependence of dF the variables in Tables 3 and 4 point to length as the most reproducible parameter for predicting the sudden force decreases and ultimate breaking of the cells, whereas absolute force is a likely second candidate.
From Equation 7, based on the definition of the cell as a homogeneous (visco) elastic body, it follows that E is proportional to LZdF. As experiments show, dF is approximately proportional to length, so that E is approximately proportional to L 3. If on the other hand, it is the cyto-skeleton that bears the stress in the cells, this should probably be modelled as a bundle of thin wires, more or less orientated in parallel (Small et al., 1986) , so that a constant cross-section of the stress bearing filaments is a more likely assumption, leading to an elastic modulus proportional to LdF or to L 2. In both cases an elastic modulus increasing with length would result in agreement with our data.
Smooth muscle tissue, or more general soft tissue, has been generally known for a number of decades to exhibit increasing elastic moduli upon stretching (see for instance Remington, 1957; Fung, 1967; Ray, 1974) . The urinary bladder wall forms no exception to this general rule (Coolsaet, 1975a; Susset & Regnier, 1981) . Quantitatively, the dependence of the elastic modulus on strain was described by a mono-exponential function for strips of pig urinary bladder wall (Van Mastrigt et al., 1978) . The present data shows that the strain dependence in these tissues is not caused by connective tissue elements only, but that smooth muscle cells in isolation show comparable behaviour. In terms of magnitude, values calculated for Ernax from pig bladder cells are found to be at least ten times as high as Ema x for pig bladder strips (Van Mastrigt, 1977) . This could imply that, in the intact tissue, the cells are interconnected with structures of a lower elastic modulus, e.g. elastin and reticulin. Generally, urinary bladder wall tissue consists of five components: smooth muscle cells, collagen, elastin, reticulin and ground substance. According to rung (rung, 1981) elastin shows the lowest-but-one elastic modulus of all soft tissue components. Smooth muscle in the passive state shows the lowest elastic modulus, whereas in the active state it has a very high elastic modulus. Collagen is very rigid, but in the intact tissue it is structurally folded in such a way that it does not contribute to the stress-strain relationship until the elastin and smooth muscle structures are considerably strained. Ground substance cannot bear much stress but its hydration state seems to modulate the behaviour of the other components ( Van Duyl et al., 1987; rung, 1981) . It seems that at different lengths in the intact tissue stress is borne to varying degrees by the different tissue components, which implies also a variation in the tissue's effective cross-sectional area: the tissue behaves as a fibre enforced composite material of low elasticity (Regnier et al., 1989) . The interconnection of the smooth muscle cells by components of relatively low elasticity forms a plausible explanation for the higher Ema x found in single smooth muscle cells as compared to tissue strips. Another factor explaning the difference in Ema X might be found in the difference in actual cross-sectional area for the tissue modelled as a homogeneous body or as a bundle of filaments.
In our results force in both types of cells does not decrease to zero, at least not within the observation window of 80 s (see Tables 1 and 2 , column 3). In all measurements, taken with increasing lengths, it was also either necessary to introduce a negative offset, or to change the A/D converter input sensitivity, to keep the peak force and the baseline level within the limits of the computer's maximum input range, which again indicates that cells did not relax to a zero level even after 15 min. In intact pig bladder strips (Van Mastrigt, 1977; Van Mastrigt et al., 1978) only 26% of the initial force remained after 80 s of relaxation, whereas in the present data the fitted curves show an average remaining force of 84%. If all the bladder cell relaxation curves, including the nonfitted ones are taken into account, average remaining force after 80 s still yields 51%. Based on extrapolation of the one exponentional model, the remaining force after 1000 s of relaxation would be 71%, which is considerably higher than the 17% measured after 1000 s of relaxation in intact bladder tissue strips (Van Mastrigt et al., 1978) . In the light of the complex structural arrangement of tissue components in the urinary bladder, as outlined previously, this difference can be explained by either a structural relaxation taking place, i.e. a rearrangement of the individual components (Alexander, 1957) , or some of the nonmuscular components showing a more viscous behaviour. These findings contrast with those of Van Dijk and coworkers (Van Dijk et al., 1984) and Fay (1975) , who find a stress relaxation to zero level within 30--120 s for bovine coronary and toad stomach smooth muscle cells respectively. As far as the findings of Van Dijk and coworkers are concerned, the decay to zero force level might be explained by slipping of the attachment which occurs, according to the same authors, at force levels above 1.5 #N.
Although based upon morphological findings, one would expect uterus cells to be longer, and therefore to show a different length dependent behaviour compared with bladder cells, no significant differences between both types of cells were demonstrated in the present data. To what extent the differences in the occurrence of contractile phenomena in the relaxation curves between bladder and uterus cell are of importance will be discussed in a separate study.
In conclusion we state that:
(1) Stress relaxation of urinary bladder single smooth muscle cells follows a pattern different from intact bladder tissue showing far less relaxation. (2) Stress relaxation of single smooth muscle cells of the pig urinary bladder and the human uterus does not continue to zero force, but levels off at a definite constant force level. (3) Ema x for single urinary bladder cells is at least a tenfold higher than was previously estimated from intact bladder tissue. (4) Passive properties of these cells are most likely determined by the cyto skeleton and the cell membrane.
